Abstract: Layered transition-metal dichalcogenides have extraordinary electronic properties, which can be easily modified by various means. Here, we have investigated how the stability and electronic structure of MoS 2 monolayers is influenced by alloying, i.e., by substitution of the transition metal Mo by W and Nb and of the chalcogen S by Se. While W and Se incorporate into the MoS 2 matrix homogeneously, forming solid solutions, the incorporation of Nb is energetically unstable and results in phase separation. However, all three alloying atoms change the electronic band structure significantly. For example, a very small concentration of Nb atoms introduces localized metallic states, while Mo 1´x W x S 2 and MoS 2´y Se y alloys exhibit spin-splitting of the valence band of strength that is in between that of the pure materials. Moreover, small, but evident spin-splitting is introduced in the conduction band due to the symmetry breaking. Therefore, transition-metal dichalcogenide alloys are interesting candidates for optoelectronic and spintronic applications.
Introduction
The electronic structure of two-dimensional (2D) layered materials, in particular transition-metal chalcogenides (TMCs), have gained enormous interest in the past five years. Special attention is paid to semiconducting TMCs of the 2H TX 2 type (T, transition metal; X, chalcogen atom), because their electronic properties can be easily tuned by various factors, such as quantum confinement, external electric field, strain modulations or doping [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Easy tuning of the electronic structure is very important for several applications, e.g., for spin-and opto-electronics.
The interest in spintronic applications of TMCs arises from the hexagonal symmetry and the finite band gap, which, depending on the stoichiometry and number of layers, is in the range of 1-2 eV. Layered TMCs with an even number of layers (e.g., bilayers) have inversion symmetry, which is explicitly broken in systems with an odd number of layers (including monolayers). Hexagonal symmetry of TMCs imposes the existence of inequivalent energy valleys in the Brillouin zone (K and K'). Due to lack of inversion symmetry in monolayers, a giant spin-orbit (SO) coupling (SOC) exists in the top of the valence band, ranging from about 150 meV (MoS 2 ) to nearly 500 meV (WTe 2 ) [12, 13] .
Quantum confinement of bulk TMCs down to the monolayer limit results in an increase of the band gap and an indirect-direct band gap transition. Although an external electric field does not 
Methods Section
In this work, we have studied atomic substitutions (alloys) in the MoS 2 monolayer. We have considered W and Nb atoms as substitutes of Mo and Se to substitute S atoms. The initial structures have hexagonal symmetry and belong to the P6 3 {mmc space group. The monolayers were cut out from the fully-optimized bulk structures as (0 0 1) surfaces. Alloy monolayers were further fully optimized; thus, the final symmetry is lowered. Optimization was performed using analytical energy gradients with respect to atomic coordinates and unit cell parameters within the quasi-Newton scheme combined with the BFGS (Broyden-Fletcher-Goldfarb-Shanno) scheme for Hessian updating. First-principle optimization calculations were performed on the basis of density functional theory (DFT) as implemented in the CRYSTAL09 code [31] . The exchange and correlation terms were described using general gradient approximation (GGA) in the scheme of the PBE (Perdew-Burke-Ernzerhof) [32] functional. For the sulfur and selenium atoms, the all-electron 86-311G* and 976-311d51G bases were chosen, respectively, while for heavier elements, the effective core potential (ECP) approach with large cores was employed, accounting for scalar relativistic effects [33] [34] [35] . The electronic structure calculations with the spin-orbit coupling (SOC) were performed using the PBE exchange-correlation functional and with Becke and Johnson damping (BJ-damping), as implemented in the ADF/BAND package [36, 37] . Local basis functions (numerical and Slater-type basis functions of valence triple zeta quality with one polarization function (TZP)) were adopted for all atom types, and the frozen core approach (small core) was chosen.
The alloy monolayers were studied using 4ˆ4 supercells, which consist of 16 metal atoms and 32 chalcogen atoms. The shrinking factor for bulk and layered structures was set to 8, which results in the corresponding number of 50 and 30 k-points in the irreducible Brillouin zone, respectively. The mesh of k-points for optimization calculations was obtained according to the scheme proposed by Monkhorst and Pack [38] . The SOC calculations are very time consuming and expensive; therefore, we have carried them out on smaller supercells (2ˆ2) and alloys with 50 at% mixing. Band structures were calculated along the high symmetry points using the following path: Γ´M´K´Γ.
The alloying energies, E alloy , were calculated as follows:
where E mixed is the energy of the alloy monolayer, E host is the energy of perfect MoS 2 monolayer and E guest is the energy of the dopant perfect monolayer form, namely WS 2 , NbS 2 and MoSe 2 . x and y denote stoichiometric factors and refer to the number of formula units of each species. For example, in the case of Mo 12 W 4 S 32 with 6.25 at% W substitution, x = 12 and y = 4, giving:
E alloy are given per TX 2 formula unit of the guest species (dopants).
Results and Discussion
We have studied three different ternary alloys on the MoS 2 monolayer with W, Nb and Se atoms. The alloying energies were calculated for all materials according to Equation (2) and given per dopant formula unit as TX 2 . Band structures and the atom-projected densities of states were calculated with and without spin-orbit coupling correction. We have studied the W-MoS 2 alloy in great detail; however, general conclusions can also be drawn from the less-detailed analysis of Se-and Nb-MoS 2 alloys. The W and Se alloys with the MoS 2 monolayer are two examples of semiconductor-semiconductor alloys, while the one with Nb represents a metal-semiconductor alloy. It is important to note that dopant/alloy concentrations discussed hereafter are given as atomic percent of the metal atoms in the host material, e.g., 1 W atom in the 4ˆ4 MoS 2 supercell (total of 16 Mo atoms) gives 6.25 at% of W.
MoS 2 Alloys with W
The MoS 2 monolayer, as well as all W-alloys were fully optimized in terms of lattice vectors and atomic positions. The optimized lattice parameters of W(Mo)-based Mo(W)S 2 alloys are given in Table 1 together with the shortest distances between the substituting W (Mo) atom. Notice that below (above) a 50 at% concentration of substituting atoms, we are talking about the Mo 1´x W x S 2 (W 1´x Mo x S 2 ) alloys. In both cases, the substituting atoms prefer to distribute homogeneously in the host material, forming solid solutions. This is supported by relatively large distances between W (Mo) of about 6.3 Å for concentrations up to 25 at%. At this concentration, we have also obtained the most favorable alloying energies for both Mo 1´x W x S 2 and W 1´x Mo x S 2 alloys (see Figure 2 ). It has to be stressed at this point that for larger supercell models, it might be possible to obtain more favorable alloys with larger concentrations of W or Mo. For example, Gan et al. [24] and Kutana et al. [25] have reported the maximum formation/mixing energies for the W concentrations in the range of 33%-60%. Nevertheless, our trends agree well with other DFT-based works, showing solid solution formation in Mo/W disulfide alloys [24] [25] [26] .
The lattice parameters of alloy materials are always in between the pure materials and change linearly with the concentration of W (Mo) doping atoms. This is also shown in Figure 3A . Moreover, the electronic properties are also changed for various alloys (see Figure 3B ), namely the band gaps change in a linear manner. Pure MoS 2 and WS 2 monolayers are direct-gap semiconductors with band gaps of 1.84 and 2.01 eV, respectively. These values agree very well with other theoretical and experimental data [1] [2] [3] 5] . Mo 1´x W x S 2 alloys offer mono-layered materials with band gaps in the range 1.84-2.01 eV. Although the range of available band gaps is not large, the idea of ternary alloys is very interesting in the fields of nanoelectronics, and other TMC alloys, with a more distinct difference in the band gap values, might offer an even larger range of properties.
We have analyzed the electronic structures of W/Mo disulfide alloys in more detail. Figures 4 and 5 show the band structures and density of states of pure materials and the 50%-50% mixture. We have calculated the band structures at two different levels of theory, namely with and without relativistic effects of spin-orbit coupling. TMC materials are well know to exhibit giant spin-orbit splitting, which might of course be altered by alloy formation. Figure 4 shows that the bands of alloys are exactly in between the bands of pure materials. Furthermore, the density of states shows perfect mixing and hybridization between Mo and W atoms in the alloy. Both metal atoms contribute equally to the states close to the Fermi level. The band edges, valence band maximum (VBM) and conduction band minimum (CBM), in all three materials are situated at the high-symmetry K point, showing that alloy formation does not affect the direct-gap characteristics of TMCs. Therefore, alloys might be interesting for optoelectronic applications. Figure 5 shows a more detailed electronic band structure of the pure materials and the 50%-50% mixture as extreme cases. MoS 2 and WS 2 exhibit spin-orbit splitting (∆ SOC ) in the VBMs of 150 and 425 meV, respectively. These results agree perfectly with other reports available in the literature [12, 13] . The alloy materials also exhibit strong ∆ SOC , which again is between the values of the pure phases. In the discussed case, we have obtained ∆ SOC of 279 meV in the VBM. These results are in agreement with DFT calculations by Wang et al. [26] , who obtained ∆ SOC of 182, 452 and 305 meV for MoS 2 , WS 2 and Mo 0.5 W 0.5 S 2 , respectively, at the LDA level of theory. However, the same authors performed experimental investigations and reported bowing of ∆ SOC for different alloys, rather than a linear trend, which has not yet been anticipated by theory. Moreover, alloys offer extra ∆ SOC in the CBM, which reaches about 30 meV for the 50%-50% mixture and which is almost suppressed in the parental monolayers. The spin-splitting in CBM reveals also a small Rashba effect (not discussed here). These features make ternary alloys much more interesting for opto-and spintronic applications compared to pure TMC materials.
We have further analyzed the alloy formation effect on the heat capacity and the Raman normal modes. Selected results are shown in Figure 6 . It should be noted that the heat capacity values are lower than the 3R (R-gas constant) limit, because they do not include the phonon contribution. Nevertheless, the trends should not be significantly affected. The results show the lowering of the heat capacity of ternary alloys compared to the pure materials, especially at room temperature. This suggests that alloys or small dopings in TMC monolayers might be useful in search for thermoelectric materials. The electronic components of the figure of merit (ZT) for conventional 3D crystals are interrelated in such a way that it is difficult to control them independently to increase ZT. This problem is solved in low-dimensional materials, such as monolayers. Moreover, lowering the heat capacity decreases the thermal conductivity and, as a result, increases ZT.
We have analyzed the normal modes of MoS 2 and alloys of up to a 50 at% W concentration. Phonon calculations in alloys become very complex and are computationally demanding. Our results show that the MoS 2 -like A 1 g modes (which correspond to the out of plane symmetric vibrations of the S atoms) increase slightly with W concentration. On the other hand, the MoS 2 -like E 2 g modes (in-plane symmetric vibrations) decrease with W concentration. At a mixture of 30% (W)-70% (Mo) and larger, the WS 2 -like modes start to appear, resulting in a two-mode behavior for each of the two normal modes. This is in a good agreement with experimental data reported by Liu et al. [27] . 
MoS 2 Alloys with Nb
NbS 2 is a metallic transition-metal dichalcogenide. When alloyed with MoS 2 , even in a very small concentration, it introduces metallic states in the band gap.
The lattice parameters and the smallest Nb-Nb distances of Mo 1´x Nb x S 2 systems (with x = 0´0.25) are shown in Table 2 . The distances between the doping/alloying metal atoms in the MoS 2 monolayer of only about 3.3 Å suggest phase separation, as this distance corresponds to the first metal neighbors. This is also shown in Figure 7 , where the alloying energy is plotted together with the most stable structure of the Mo 0.75 Nb 0.25 S 2 alloy. Table 2 . Calculated lattice parameters a and b (Å) of the 4ˆ4 supercell and dopant closest distances (Å) of the most stable Mo 1´x Nb x S 2 systems. Experimental data are given in parenthesis [39] [40] [41] .
Formula
Nb at% a, b Nb-Nb The alloying energies are positive, meaning that it is rather unlikely that Nb will easily mix into the matrix of MoS 2 monolayers. These energies, however, become nearly zero for Nb concentration above 15 at%, as at this point, the dopants start to cluster inside the host material. Ivanovskaya et al. [17, 19] have also reported clustering of Nb atoms in nanotubes and monolayers; however, they obtained negative formation energies from the density functional-based tight-binding (DFTB) calculations.
We have calculated the electronic structure of the Mo 0.9375 Nb 0.0625 S 2 alloy and compared it to those of pure MoS 2 and NbS 2 materials. To manage the computational complexity, these calculations were performed without spin-orbit correction; however, it should be pointed out that spin-splitting occurs also in the case of metallic NbS 2 . Since we have considered only one Nb atom in the supercell, the calculations are spin-polarized, and both alpha and beta electrons are plotted.
The band structures of atom-projected densities of states are shown in Figure 8 . These calculations were performed for the largest supercells considered in this work, in order to show the band structure change for the smallest Nb concentration in a given model (6.25 at%). The Nb atom has one electron less than the Mo atom in the valence shell; therefore, an introduction of a single Nb results in an electron hole, which acts as an acceptor impurity. Similar results were obtained from DFTB calculations by Ivanovskaya et al. [19] . 
MoS 2 Alloys with Se
Here, we discuss the substitution of S by Se atoms. In this case, there are several possibilities, as the chalcogen atom may be substituted in only one layer or in both layers. In the latter case, the substitution can be symmetric or asymmetric. Since the substitution is more favorable in two layers, we will show only this case. Moreover, the alloying energies of symmetric and asymmetric alloys are very similar, meaning that polymorphism can be expected. Table 3 shows the lattice parameters and the shortest Se-Se distances in the symmetric substitution cases, unless otherwise stated. Again, the lattice parameters change in a linear manner with the Se concentration, similar to the W-based alloys. Furthermore, Se atoms distribute homogeneously in the MoS 2 monolayer with the shortest distance of about 5.5 Å up to a 20 at% concentration. This means that Se, similar to W, forms a solid solution with the MoS 2 matrix. Table 3 . Calculated lattice parameters a and b (Å) of the 4ˆ4 supercell, dopant closest distances (Å) and the band gaps, ∆ (eV), of the most stable MoSe 1´x S x systems with Se atoms included in both chalcogen layers. Experimental data are given in parenthesis [1, [39] [40] [41] [42] .
Formula
MoSe 2 at% a, b The mixing of Se into MoS 2 is energetically very favorable (see Figure 9 ) for any concentration of at least up to 25 at%. Various distributions of Se are in principle possible, as alloying energies of different systems are very close in value. Moreover, the energies are one order of magnitude larger than in the case of W-alloys, which means that mixing of MoS 2 with MoSe 2 is even more probable. However, we have obtained somewhat lower formation energies than reported by Kang et al. [43] . This might be due to the relation of formation energies to the number of atoms: we are referring to the number of MoSe 2 units inside the MoS 2 , while Kang et al. refer to the number of anions. For the Se-based alloys, we have again calculated the electronic band structures with and without spin-orbit corrections. Figure 10 shows the electronic band structure and atom-projected densities of states calculated without spin-orbit coupling. The 50%-50% symmetric alloy is a direct-band gap semiconductor, similar to the pure materials, with a band gap of 1.63 eV just in between MoS 2 (1.84 eV) and MoSe 2 (1.53 eV). In the case of Se-based MoS 2 alloys, we can tune the band gap in the range of about 300 meV, which is already larger than for the case of W-based systems (about 150 meV). Th projected density of states shows that once again, the doping atoms are well incorporated into the host materials, with both S and Se atoms contributing equally to the states close to the Fermi level.
The spin-orbit corrected calculations show that also Se-based alloys exhibit large spin-orbit splitting of about 170-180 meV in the case of a 50%-50% mixture (see Figure 11) . These values are just in between those of the pure MoS 2 (150 meV) and MoSe 2 (192 meV) materials. The above results show that the MoS 2 -based alloys with W and Se are very good candidates for various applications, including optoelectronics, spintronics or even thermoelectrics. The electronic properties can be tuned in a controlled manner with any features that are in between those of the pure systems, which form the alloys. This means that carefully choosing the systems, with given band gaps or given spin-orbit splitting, will result in very promising alloys. These conclusions and predictions might not only be limited to monolayers, but could as well open a field for bi-and multi-layered alloys.
Conclusions
We have studied ternary alloys of the MoS 2 monolayer with W, Nb and Se atoms from first-principles. Our results show that W and Se incorporate easily into the host material and distribute homogeneously, resulting in a solid solution. On the other hand, Nb atoms cluster together for larger metal concentrations and form phase separation. Energetically, the Nb alloys are not very favorable for smaller concentrations, while W and Se easily form mixture materials with MoS 2 .
All studied materials show, however, significant changes in the electronic structures compared to the pure parental MoS 2 monolayer. Especially in the case of Nb atoms, the semiconducting MoS 2 shows first localized metallic states for a small metal concentration and, later, full metallic bands for a larger amount of Nb. In the cases of W and Se alloys, the band structures change in such a way that the electronic properties are somewhere in between the intrinsic properties of the pure materials. For example, the spin-splitting of the valence band in MoS 2 and WS 2 is calculated to be 150 meV and 425 meV, respectively, while the 50% mixture exhibits 279 meV. Moreover, spin-splitting occurs in the conduction band with the value of about 30 meV for the Mo 0.5 W 0.5 S 2 . Furthermore, the optical/fundamental band gaps of the semiconducting alloys are direct gaps with values in between the pure phases, e.g., the band gaps of MoS 2 , MoSe 2 and MoSeS are 1.84 eV, 1.63 eV and 1.53 eV, respectively.
Alloys allow tuning of the optical and spintronic properties of transition-metal dichalcogenide materials in a wide range. This feature could be further exploited in the bi-and multi-layered materials, which would probably result in even more interesting properties.
